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The membrane-bound, long form of MGAT4D, termed
MGAT4D-L, inhibits MGAT1 activity in transfected cells and
reduces the generation of complex N-glycans. MGAT1 is the
GlcNAc-transferase that initiates complex and hybrid N-glycan
synthesis. We show here that Drosophila MGAT1 was also
inhibited by MGAT4D-L in S2 cells. In mammalian cells,
expression of MGAT4D-L causes the substrate of MGAT1
(Man5GlcNAc2Asn) to accumulate on glycoproteins, a change
that is detected by the lectin Galanthus nivalis agglutinin
(GNA). Using GNA binding as an assay for the inhibition of
MGAT1 in MGAT4D-L transfectants, we performed site-
directed mutagenesis to determine requirements for MGAT1
inhibition. Deletion of 25 amino acids (aa) from the C terminus
inactivated MGAT4D-L, but deletion of 20 aa did not. Conver-
sion of the five key amino acids (PSLFQ) to Ala, or deletion of
PSLFQ in the context of full-length MGAT4D-L, also inacti-
vated MGAT1 inhibitory activity. Nevertheless, mutant, inac-
tive MGAT4D-L interacted with MGAT1 in co-immuno-
precipitation experiments. The PSLFQ sequence also occurs in
MGAT4A and MGAT4B GlcNAc-transferases. However, nei-
ther inhibited MGAT1 in transfected CHO cells. MGAT4D-L
inhibitory activity could be partially transferred by attaching
PSLFQ or the 25-aa C terminus of MGAT4D-L to the C termi-
nus of MGAT1. Mutation of each amino acid in PSLFQ to Ala
identified both Leu and Phe as independently essential for
MGAT4D-L activity. Thus, replacement of either Leu-395 or
Phe-396 with Ala led to inactivation of MGAT4D-L inhibitory
activity. These findings provide new insights into the mecha-
nism of inhibition ofMGAT1 byMGAT4D-L, and for the devel-
opment of small molecule inhibitors ofMGAT1.

Understanding factors that regulate glycosylation is critical
for basic research into the functions of glycans in biology, and
for practical reasons of glycosylation engineering for numerous
purposes. Endogenous factors that regulate glycosyltransferase
activity are few. For example, COSMC is a chaperone of the
core 1 b1,3GalT C1GALT1, often termed T-synthase (reviewed
in Ref. 1); Windbeutel is a chaperone of Pipe, a proteoglycan

sulfotransferase in Drosophila (2); multi-transmembrane BAX
inhibitor motif-containing proteins target Gb3 synthase to the
lysosome and reduce the generation of glycolipid Gb3 (3); and
ppGalNAcTs that initiate mucin glycan synthesis are stimu-
lated by Src tyrosine kinase to relocate to the endoplasmic
reticulum where they modify novel substrates (4). MGAT4D-L
is a type II glycoprotein that binds to and inhibits the glycosyl-
transferse MGAT1 (5, 6). MGAT1 is a GlcNAc-transferase that
transfers GlcNAc to Man5GlcNAc2Asn on glycoproteins, and
thereby initiates subsequent reactions that generate glycopro-
teins carrying hybrid and complexN-glycans (7).
MGAT4D was originally termed GlcNAc-T1 inhibitory pro-

tein (GnT1IP) (5), then GL54D (8), orMGAT4D by the Human
GenomeNomenclature Committee, based on its sequence sim-
ilarity to MGAT4 family members. When a cDNA encoding
the N terminally extended, long form ofMGAT4D (MGAT4D-
L) is transfected into Chinese hamster ovary (CHO), or other
mammalian cells, MGAT1 activity is specifically reduced in cell
lysates (5). Transfected cells sorted for high expression of
MGAT4D-L do not synthesize complex N-glycans (5). Conse-
quently, MGAT4D-L transfectants are resistant to cytotoxic
plant lectins that bind to complex N-glycans, and exhibit
increased binding of lectins that recognize oligomannosyl N-
glycans, which accumulate in the absence of MGAT1 (5). Thus,
the Man-binding lectin GNA (Galanthus nivalis agglutinin)
binds much better to CHO cells overexpressing MGAT4D-L
than to CHO cells (5). MGAT4D-L forms heteromers with
MGAT1 in the Golgi, but does not interact with other GlcNAc-
transferases of the medial Golgi (6). Genome databases contain
numerous open reading frames that encode type II transmem-
brane proteins with no known activity. Thus, MGAT4D-L may
be the first in a new class of glycosylation regulator.
In this paper, we develop a flow cytometry assay for

MGAT4D-L inhibitory activity, and determine MGAT4D-L
amino acids (aa) required for inhibition of MGAT1. We identi-
fied five aa near the C terminus ofMGAT4D-L that were essen-
tial for its inhibitory activity. Transfer of peptides containing
these amino acids to the C terminus of MGAT1 conferred par-
tial inhibition of MGAT1 activity. Further mutagenesis
revealed two amino acids that were individually required for
MGAT4D-L to inhibitMGAT1, Leu-395 or Phe-396.

Results

A flow cytometry assay of MGAT1 inhibition by MGAT4D-L

MGAT4D-L inhibits MGAT1 when it is overexpressed in
transfected cells (5, 6). However, expression sufficient to inhibit
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complex N-glycan synthesis is observed only in the subset of
CHO cells expressing a sufficiently high level of MGAT4D-L
(5). Thus, to demonstrate inhibition of MGAT1 activity in
transfectants, it is necessary to sort forMgat4d-L transfectants
in which complex N-glycan synthesis is clearly inhibited. This
is achieved by sorting for transfectants with the highest binding
of a lectin that recognizes oligomannosyl N-glycans such as
GNA (5).We previously demonstrated thatMgat4d-L transfec-
tants sorted for high GNA binding exhibit a correspondingly
high degree of inhibition of MGAT1 GlcNAc-transferase activ-
ity (5). The binding profile for GNA may therefore be used to
determine the inhibitory activity of transfectants expressing
mutant Mgat4d-L. The basis of the assay is illustrated in Fig.
1A. Sugar symbols conform to the recommendations of the
Symbol Nomenclature for Glycans (9, 10). Mgat4d-L–trans-
fected CHO cells selected for hygromycin resistance were
examined by flow cytometry for GNA binding and GNA-high
and -low populations were identified (Fig. 1B). Sorting for
GNA-high transfectants gave a population of cells with in-
creased binding of GNA (Fig. 1C) and expression of MGAT4D-

L based onWestern blotting analysis (Fig. 1D), as expected if in-
hibition of MGAT1 caused increased expression of oligoman-
nosylN-glycans that bind GNA.

MGAT4D-L inhibits Drosophila MGAT1

TheMgat4d gene is expressed highly in testicular germ cells,
and at basal levels in other mouse tissues (5). Thus, most mam-
malian cell lines do not express Mgat4d-L, and there is no
homologue inDrosophila (BLASTnmouseMgat4d-L accession
No. HM067443.1 versus Drosophila RefSeq RNA). To deter-
mine whether mouseMGAT4D-L inhibitsDrosophilaMGAT1
in the nonmammalian context ofDrosophila cells, S2R1 adher-
ent cells carrying an inactivating mutation in the gene-fused
lobes (fdl), which encodes a hexosaminidase that removes the
GlcNAc transferred by MGAT1 to Man5GlcNAc2Asn (11, 12),
were used. S2R1 cells were transfected with a bicistronic
pAc5-STABLE2-Neo vector (13) encoding mouse Mgat1 and
mCherry, or mouse Mgat4d-L and eGFP as bicistrons, respec-
tively. Transfectants resistant to G418 were analyzed for eGFP

Figure 1. GNA-binding assay for inhibition of MGAT1 by MYC-MGAT4D-L. A, schematic representation of N-glycan maturation in the Golgi compartment
showing the reaction catalyzed byMGAT1 and inhibited byMGAT4D-L. Sugar symbols conform to recommendations of the Symbol Nomenclature for Glycans
(9, 10). B, GNA flow cytometry profile of CHO cells and CHO cells transfected with a Myc-Mgat4d-L cDNA. GNA-Low (a) and GNA-High (b) populations were
sorted and briefly cultured, before being analyzed for GNA binding. C,GNA flow cytometry profiles of sorted populations from panel B.D,Western blots of pro-
teins (50 mg/well) extracted from untransfected CHO or Lec1 CHO cells, Myc-Mgat4d-L-transfected CHO cells unsorted, GNA-Low (sorted a) and GNA-High
(sorted b) populations. MYC-MGAT4D-L was detected using antibodies against MGAT4D-L N-terminal peptide. The blot was first treated with Pico PLUS chemi-
luminescent reagent and exposed to film for 30 min, then treated with Femto chemiluminescent reagent and exposed to film for 1 s. The enrichment of MYC-
MGAT4D-L protein after sorting is most obvious from the Pico 30min blot. * identifies nonspecific bands that served as loading control.
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or mCherry expression by flow cytometry (Fig. 2, A and B). It
can be seen that the expression level of eGFP and mCherry var-
ied broadly across the population of transfectants, reflecting
similarly varying levels of MGAT1 and MGAT4D-L in these
populations. Cell lysates from each transfectant population
were assayed forMGAT1 activity (Fig. 2, C andD). Attempts to
purify eGFP- or mCherry-high subpopulations were not suc-
cessful because of the low viability of S2R1 Dm(fdl) cells after
sorting. Transfection of S2R1 Dmfdl cells with mouse Mgat1-
HA resulted in a predictable increase in MGAT1 activity (Fig.
2C). Moreover, transfection with Myc-Mgat4d-L caused a
reduction in endogenous Drosophila MGAT1 activity, com-
pared with cells transfected with empty vector (Fig. 2D). Both
Mgat1 andMgat4d-L transgenes were well-expressed in the re-
spective transfectant populations (Fig. 2E). The relatively mod-
est reduction in endogenous MGAT1 activity probably reflects
the large variation in expression ofMGAT4D-L observed in the
broad range of eGFP expression in transfectants (Fig. 2B).
Thus, MGAT4D-L inhibited Drosophila MGAT1, which is
;59% identical to mouse MGAT1. This suggests that the pres-
ence of mammalian Golgi factor(s), or a particular enzyme
complex such as the “kin recognition” complex (14, 15), are not
essential for MGAT4D-L to inhibit MGAT1 (6). However,

mammalian factors in the secretory pathway may promote in-
hibitory activity.

Mutational analysis of MGAT4D-L

We previously showed that deletion of the C-terminal 39 aa
of MGAT4D-L inactivates its MGAT1-inhibitory activity (5).
To refine that analysis, we sequentially deleted 20, 25, 30, and
35 aa from the C terminus of MYC-MGAT4D-L (Fig. 3A).
CHO transfectants were selected for resistance to hygromycin
and shown to express the relevant MYC-MGAT4D-L mutant
protein at a level at least equivalent to control WT protein (Fig.
3B). Flow cytometry for GNA binding showed that removal of
25 or more amino acids led to inactivation of MYC-MGAT4D-
L, whereas removal of 20 aa did not (Fig. 3C). The five critical
amino acids were 393PSLFQ397. Further mutations were made
to investigate roles for PSLFQ in MGAT4D-L (Fig. 4A). West-
ern blot analysis of CHO transfectants expressing vector con-
trol or different mutant constructs showed robust expression
(Fig. 4B). Conversion of PSLFQ to AAAAA in the context
of full-length MYC-MGAT4D-L resulted in an inactive
MGAT4D-L that did not induce a GNA-high population of
transfectants (Fig. 4C). The same result was obtained when

Figure 2. Inhibition ofDrosophilaMGAT1 bymouseMGAT4D-L. A and B, representative flow cytometry profiles of S2R1 Dmfdl cells transfected with pAc5
bicistronic vector encoding eGFP andMyc-Mgat4d-L or mCherry andMgat1-HA. C,MGAT1 activity in S2R1 Dmfdl cells transfected with empty vector (control)
compared with S2R1 Dmfdl cells transfected with mCherry1Mgat1-HA (bicistron). The ratio of MGAT1 activities were determined as indicated. MGAT1 activ-
ity in S2R1/Vec lysates was 2.466 0.71 (mean6 S.E.) nmol/mg protein/h (n = 6).D, the ratio of MGAT1 activity in S2R1/empty vector lysate to S2R1 cells and
S2R1/Myc-Mgat4d-L to S2R1 cells. E, Western blotting of S2R1 Dmfdl transfectant lysates. MGAT1-HA was detected using anti-HA antibodies and MYC-
MGAT4D-L was detected using anti-MYC antibodies. * identifies a nonspecific band that serve as loading control.
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PSLFQ was deleted from the full-length molecule (Fig. 4D).
Finally, if 25 aa were removed and AAAAA was added in place
of PSLFQ, the resultingMGAT4D-L mutant was also unable to
induce a GNA-high population of transfectants (Fig. 4E), in
contrast to the control WT-20 that terminates in PSLFQ (Fig.
3C). Importantly, these changes to the MYC-MGAT4D-L
sequence did not prevent the interaction of MGAT4D-L
mutants with MGAT1. Thus, co-immunoprecipitation (IP) of
WT versus mutant or truncated MYC-MGAT4D-L with
MGAT1-HA gave a similar IP signal (Fig. 4F). By contrast, con-
trol, untransfected lysate or co-transfection of MYC-
MGAT4D-L with an unrelated protein (HA-p85ni), gave no
co-immunoprecipitation signal (Fig. 4F).

MGAT4A and MGAT4B do not inhibit MGAT1

Two glycoproteins related to MGAT4D-L, termed
MGAT4A and MGAT4B, are membrane-bound, Golgi
GlcNAc-transferases, and also contain a PSLFQ sequence (Fig.
S1). We therefore investigated whether transfection of either of
these cDNAs into CHO cells inhibited MGAT1. Full-length
humanMGAT4A andMGAT4B cDNAs were cloned following
reverse transcription of HL-60 cell RNA, and shown to have the
same nucleotide sequence as GenBank accession numbers
AB000616.1 and AB000624.1, respectively (16, 17). We trans-
fected each cDNA or empty vector into a CHO cell line stably
expressing human FUT4 (CHO/FUT4), which causes complex
N-glycans to carrya1,3Fuc onGalb1,4GlcNAc (N-acetyllactos-

amine or LacNAc) sequences in the branches of complex N-
glycans (18). The resulting Galb1,4(Fuca1,3)GlcNAc epitope is
termed Lewis X (LeX). The LeX determinant cannot be synthe-
sized on N-glycans in a cell lacking MGAT1 because there
would be no LacNAc-containing branches (19), and thus no
substrate for FUT4. CHO/FUT4 cells overexpressing human
MGAT4A orMGAT4Bwere shown to be highly resistant to the
toxicity of pea lectin (PSA) (Table 1), proving that both trans-
ferases were active and reduced the complement of complexN-
glycans recognized by PSA, presumably by inhibiting binding
to the fucosylated N-glycan core due to increased branching of
this core (20). LEC18 CHO cells were used as a positive control
(21). Resistance to PSA is also observed in Lec1 CHO cells or
CHO/Mgat4d-L cells in which MGAT1 is inactive (5, 6, 22). By
contrast, the MGAT4A and MGAT4B transfectants expressed
LeX similarly to CHO/FUT4 control cells (Table 1). LEC12
CHO cells, which express LeX due to expression of the Fut9
gene (23), were used as a positive control. This shows that
MGAT4A orMGAT4B transfection did not inhibitMGAT1 ac-
tivity because, in CHO cells, LeX is present only on LacNAc
sequences in complex N-glycan branches (19). Further evi-
dence that MGAT4A orMGAT4B did not inhibit MGAT1 was
obtained by lectin-binding and lectin-resistance experiments.
CHO/FUT4/MGAT4A and CHO/FUT4/MGAT4B transfec-
tants, before or after treatment with sialidase to remove sialic
acid from cell surface glycans, were incubated with fluorescein
isothiocyanate (FITC)-conjugated Ricinus communis aggluti-
nin I or II (RCAI-FITC, RCAII-FITC), or wheat germ agglutinin

Figure 3. C-terminal deletion analysis of MGAT4D-L. A, schematic representation of MGAT4D-L (WT) and deletion mutants (WT-20, WT-25, WT-30, and WT-
35) and the GNA-binding ability of transfectants expressing each construct. B,Western blotting of lysates from CHO cells transfected or not (CHO) with Myc-
Mgat4d-LWT or each deletion mutant (20 and 40 mg of lysate analyzed for each sample). The first WT pair were from a separate transfection. MYC-MGAT4D-L
(*) was detected using anti-MYC antibodies. C, representative flow cytometry profiles from CHO cells transfected with MGAT4D-L deletionmutants as labeled.

Mutational analysis of MGAT4D-L
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(WGA-FITC), and analyzed by flow cytometry. Each of these
lectins binds to complex N-glycans–RCAI and RCAII bind Gal
residues andWGA binds sialic acid in complex N-glycans (24).
MGAT4A and MGAT4B transfectants bound RCAII-FITC
similarly to vector control before sialidase treatment (Fig. S2).
After sialidase treatment, binding to MGAT4A and MGAT4B
transfectants was increased relative to CHO/vector, consistent
with the exposure of Gal residues on an increased number of
complex N-glycan branches stemming from the action of
MGAT4A or MGAT4B (Fig. S2). The results for WGA were
similar (Table 1). In addition, transfectants were tested for re-
sistance to the toxicity of RCAII, WGA, and concanavalin A
(ConA). CHO cells expressing complex N-glycans are ;90%
killed by;4 ng/ml of RCAII, or;5 mg/ml ofWGA, or;15 mg/
ml of ConA (22). The concentration of each lectin that gave
;90% killing of CHO/FUT4/Vec, CHO/FUT4/MGAT4A, or

CHO/FUT4/MGAT4B was similar in each case. If MGAT1 ac-
tivity was inhibited by MGAT4A or MGAT4B overexpression,
transfectants would have been highly resistant to WGA, and
hypersensitive to the toxicity of ConA, as observed in CHO/
Mgat4d-L transfectants in which MGAT1 is inhibited (5), and
in Lec1 CHO cells (22). Therefore, neither MGAT4A nor
MGAT4B inhibited MGAT1 activity when overexpressed in
CHO/FUT4 cells.

Transfer of inhibitory activity to MGAT1 chimeric proteins

To determine whether PSLFQ or the 25-aa C terminus of
MGAT4D-L could be sufficient to inhibit MGAT1 when
expressed on a scaffold protein, we examined the inhibitory ac-
tivity of chimeras comprising membrane-bound MGAT1
extended with a C-terminal peptide from MGAT4D-L.
MGAT1 was investigated as a scaffold because it forms

Figure 4. Mutational analysis of MGAT4D-L. A, schematic presentation of MYC-MGAT4D-L (WT) and different mutants expressed in CHO transfectants. B,
Western blotting of lysates from transfectants expressing constructs described in A, whose flow cytometry profiles are shown in C–E. The blot was probed with
pAb to the N terminus of MGAT4D-L. WT corresponds to WT in panels C–E. # marks MGAT4D-L species; * marks nonspecific bands. The nonspecific band that
runs slightly higher than MGAT4D-L (WT) and full-length mutant WT[PSLFQ.AAAAA] is distinguished by its comparatively low expression in empty vector
transfectant (CHO/Vec) and its presence in the two lanes with CHO lysate. C–E, representative GNA flow cytometry profiles of CHO cells transfected with the
MYC-MGAT4D-L mutants described in A compared with a WT control repeated in each panel. The profiles for eachmutant are slightly skewed due to the volt-
age and gating used. F, CHO cells co-transfected withMyc-Mgat4d-L or aMyc-Mgat4d-Lmutant andMgat1-HA or negative control HA-p85ni were lysed, incu-
bated with beads conjugated to anti-MYC antibodies, washed, and bound proteins eluted from the beads were subjected to SDS-PAGE as described under
“Experimental procedures.”Western blotting was performedwith anti-HA antibodies to detect co-immunoprecipitated HA-tagged protein. Only samples with
co-transfected MYC-MGAT4D-L and MGAT1-HA had a signal corresponding to co-immunoprecipitated MGAT1-HA (IP lane). Input and Pass (unbound) show
that MGAT1-HAwas robustly expressed in co-transfectants. The negative control HA-p85ni was not immunoprecipitated by anti-MYC beads as expected.
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homomers in the Golgi (6). We generated a CHO Myc-Mgat1
cDNAwith theMYC tag on the N terminus, and used this con-
struct to make the following chimeras: Myc-Mgat1[125aa] (to
produce MYC-MGAT1 terminating in the last 25 aa of
MGAT4D-L), Myc-Mgat1[1AAAAA 1 20aa] (to produce
MYC-MGAT1 with 5 Ala in place of PSLFQ in the last 25 aa of
MGAT4D-L), Myc-Mgat1[1PSLFQ] (to produce MYC-
MGAT1 with 393PSLFQ397 at the C terminus), andMyc-Mgat1
[1AAAAA] (to produce MYC-MGAT1 with 5 Ala residues at
its C terminus) (Fig. 5A).
TheMGAT1 chimeric constructs were transfected into Lec1

CHO cells that lack MGAT1 activity (25). Transfected cells
were selected for resistance to hygromycin, harvested, fixed,
and analyzed for GNA binding by flow cytometry (Fig. 5, B and
C). All chimeric constructs were well-expressed in transfectant
populations. (Fig. 5D). Based on signals from nonspecific bands,
Myc-Mgat1[1PSLFQ] was expressed in more cells, or more
highly, than Myc-Mgat1[1AAAA]. However, Myc-Mgat1
[1AAAAA120aa] and Myc-Mgat1[125aa] were expressed at
a similar level. Transfection ofMgat1 into Lec1 cells generated
two major populations, one with low GNA binding due to
MGAT1 expression leading to the synthesis of complex N-gly-
cans, and the other in which Mgat1 transgene expression was
weak or absent and did not change the high GNA binding of
Lec1 cells. The expected result for transfectants expressing chi-
mericMGAT1with completely inhibited activity was no reduc-
tion in GNA binding; partial inhibition of MGAT1 should have
given a small reduction in GNA binding; and a chimera with no
inhibition of MGAT1 should give a low GNA-binding popula-
tion reflecting active MGAT1. In fact, the appearance of a pop-
ulation with an intermediate GNA-binding phenotype reflect-

ing partial MGAT1 inhibition, was observed in Myc-Mgat1
[1PSLFQ] and Myc-Mgat1[125aa] transfectants, but not in
their respective controls expressing Myc-Mgat1[1AAAAA] or
Myc-Mgat1[1AAAAA120aa] (Fig. 5, B and C). Although the
intermediate GNA-binding population was modest, the result
was reproducible, and this change was the most readily quanti-
tated. In summary, the results show that MGAT1 terminating
with either the critical amino acids PSLFQ, or the last 25 aa of
MGAT4D-L (including PSLFQ), caused a partial inhibition of
MGAT1 activity, either due to cis-inhibition of MGAT1 chi-
mera or to trans-inhibition in MGAT1 homooligomers formed
in the Golgi (6, 26). To pursue this chimeric strategy further,
optimization of terminal peptide composition would be
necessary.

Two point mutations independently inactivate MGAT1
inhibition by MGAT4D-L

To address the importance of each amino acid in the
sequence critical for MGAT4D-L inhibitory activity (PSLFQ),
point mutations were performed to change each amino acid in
turn to Ala in theMyc-Mgat4d-L plasmid.Myc-Mgat4d-L with
AAAAA in place of PSLFQ was used as a negative control. The
constructs were transfected into parental CHO cells, and trans-
fectants selected for resistance to hygromycin were shown to
express levels of mutant MYC-MGAT4D-L protein higher
than WT control (Fig. 6A). Flow cytometry analysis of GNA
binding revealed that changing Pro-393, Ser-394, or Gln-397 to
Ala did not abolish the MGAT1 inhibitory activity of MYC-
MGAT4D-L (Fig. 6B). By contrast, changing Leu-395 or Phe-
396 to Ala significantly impaired the ability of MYC-
MGAT4D-L to inhibit MGAT1, as shown by the absence of a
GNA-high transfectant population (Fig. 6B). To determine
whether MYC-MGAT4D-L with an inactivating point muta-
tion was localized to the Golgi compartment where MGAT4D-
L inhibits MGAT1 (6), we performed confocal microscopy on
HeLa cell transfectants. Co-localization experiments with the
Golgi resident protein GM130 revealed that mutated and WT
MYC-MGAT4D-L were co-localized in the Golgi (Fig. 7). In 15
transfected cells per construct, 79% of WT MYC-MGAT4D-L
transfectants showed complete and 21% partial colocalization
of MGAT4D-L with GM130. The mutant constructs exhibited
65 and 77% complete with 35 or 23% partial co-localization
with GM130, for L395A or F396A, respectively. Therefore,
both inactivating point mutants of MYC-MGAT4D-L were
well localized to the Golgi compartment, but did not inhibit
MGAT1.

Discussion

In this paper we identify features of MGAT4D-L important
for inhibitingMGAT1.We show that mammalianMGAT4D-L
inhibited Drosophila MGAT1 activity in S2 cells, indicating
that a mammalianGolgi environment is not essential for inhibi-
tion to occur. However, the inhibition was modest, which may
reflect themixed transfectant population or may indicate that a
mammalian Golgi environment better facilitates inhibition of
MGAT1 byMGAT4D-L.

Table 1
Characterization of CHO/FUT4 cells expressingMGAT4A orMGAT4B
The first column gives the % cells in the designated population (Pop) or clones
derived from a single cell by limiting dilution, which bound Ab against the LeX
epitope. Cells were grown on glass slides and binding of primary Ab was deter-
mined using FITC-conjugated secondary Ab by immunofluorescence microscopy,
as described under “Experimental procedures.” The next two columns give the
concentration of PSA or RCAII lectin that resulted in 10% survival (D10) or 90%
death of transfectant cell populations, or stable clones, as shown. The last two col-
umns give the mean fluorescence index (MFI) for WGA-FITC or RCAI-FITC
binding to transfectant cell populations. Removal of sialic acid by sialidase caused
decreased binding of WGA, consistent with the loss of sialic acid from complexN-
glycans. By contrast sialidase treatment caused the binding of RCAI to increase,
consistent with the exposure of Gal residues in complex N-glycans. The increase
was greater for CHO/FUT4 cells expressing MGAT4A or MGAT4B, consistent
with increased complex N-glycan branching in those transfectants. Empty cells
signify the assay was not performed. These experiments were performed in
another context, long before development of the GNA-binding assay.

MFI
Cells LeX PSA RCAII WGA RCAI

Binding
(%)

D10 (mg/ml) D10(ng/ml) Sialidasea

Pop Pop Clone Clone 2 1 2 1
CHO 0 ;100 ;100 10
CHO/FUT4/vector 70 ;100 ;100 ;4 38 10 63 191
CHO/FUT4/

MGAT4A
70 ;1000 ;1000 ;4 27 9 49 237

CHO/FUT4/
MGAT4B

80 ;300 ;1000 ;4 38 10 75 221

LEC12 100 ;4
LEC18 .1000 . 1000 10
aThe2 and1 signs refer to untreated (2) or treated (1) with sialidase.
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We used deletion analysis of MGAT4D-L to identify PSLFQ
at aa 21-25 from the MGAT4D-L C terminus as necessary for
MGAT4D-L to inhibit MGAT1. Replacement with AAAAA or
deletion of PSLFQ in the full-length protein led to inactive
MGAT4D-L. Importantly, the same 5-aa sequence found in
MGAT4A andMGAT4B did not confer MGAT1 inhibitory ac-
tivity on either of these GlcNAc-transferases. Interestingly,
transfer of PSLFQ alone, or the terminal 25 C-terminal amino
acids of MGAT4D-L, to the C terminus of MGAT1 conferred
partial inhibitory activity on theMGAT1 chimeric protein. The
effect was modest but reproducible, and suggested that it might
be possible to develop an optimized peptide inhibitor of
MGAT1. The combined information from mutational analysis,
including the fact that either of the two adjacent amino acids

Leu or Phe in PSLFQ are essential for the MGAT1 inhibitory
activity of MYC-MGAT4D-L, will be most useful in guiding
structural analyses to reveal the mechanism of inhibition in
MGAT1–MGAT4D-L complexes, as well as the search for a
small molecule inhibitor ofMGAT1.
Identifying a small molecule inhibitor of MGAT1 would be

most beneficial to basic research on the functions of N-glycans
in different cell types, and for glycosylation engineering of anti-
bodies and other therapeutics. MGAT1 is a key GlcNAc-trans-
ferase because it initiates the synthesis of two major classes of
N-glycans, hybrid and complex (reviewed in Ref. 7). If MGAT1
is inactivated, a cell can express only oligomannosyl N-glycans
on its complement of glycoproteins (19). This markedly
changes the properties of the cell in terms of recognition by

Figure 5. PSLFQ at the MGAT1 C terminus partially inhibits MGAT1 activity. A, schematic representation of MYC-MGAT1-MGAT4D chimeric proteins.
MYC-MGAT1 was fused at the C terminus with PSLFQ or AAAAA, or the last 25 aa of the MGAT4D C terminus including PSLFQ, or the last 25 aa of MGAT4D C
terminus but with AAAAA in place of PSLFQ. B, top panels: flow cytometry profiles of Lec1 CHO cells that lackMGAT1 activity transfectedwithMyc-Mgat1 versus
Myc-Mgat1[PSLFQ] (left) or Myc-Mgat1 versus Myc-Mgat1[AAAAA] (right). The rectangle with dotted lines highlights the intermediate GNA-binding subpopula-
tion. Bottom panels, dot plot presentation of data for chimeric MYC-MGAT1 proteins from the top panels. C, top panels: independent experiment of the same
chimeric MYC-MGAT1 proteins shown in B. Bottom panels: flow cytometry dot plot of Lec1 CHO cells expressingMYC-MGAT1with 25 C-terminal aa ofMGAT4D
(left) or MYC-MGAT1with AAAAA1 20 C-terminal aa ofMGAT4D.D, representativeWestern blotting of lysates from Lec1 transfectants used for flow cytometry
analysis, as labeled. Chimeric proteinsmigrated slower thanMYC-MGAT1. * identifies nonspecific bands that serve as loading control.
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glycan-binding proteins, antibodies, and organisms that can
infect. Loss ofMgat1 in embryogenesis leads to death at embry-
onic day (E) E9.5 (27, 28). Loss from spermatogonia at 3 days af-
ter birth leads to a failure of spermatogenesis and infertility (29,
30). Loss of complex N-glycans from CHO cells causes them to
respond poorly to growth factors that stimulate extracellular
signal-regulated kinase signaling (31). Removal of MGAT1 ac-
tivity from CHO cells synthesizing IgG leads to the production
of antibodies with enhanced antigen-dependent cellular cyto-
toxicity (32). Generation of glycoproteins in cells lacking
MGAT1 often enhances their ability to form crystals for X-ray
crystallography (33). Thus, the availability of an inhibitor of
MGAT1 that could be readily used to manipulate the synthesis
of complexN-glycans in cells and organisms is highly desirable.
The discovery of features of the Golgi glycoprotein MGAT4D-
L required for inhibition of MGAT1 (5, 6) opens a path to this
goal.

Experimental procedures

Plasmids

The expression construct previously termed Myc-GnT1IP-L
in pcDNA3.1-Hygro(1) (6) and now Myc-Mgat4d-L was used
to generate different mutant versions of Mgat4d-L using the
End Point PCR, Gibson Assembly NEBuilder HiFi DNA As-
sembly Cloning Kit (E5520, New England Biolabs, Ipswich,

MA). Site-directed mutagenesis was performed using the Q5
site-directed mutagenesis kit (New England Biolabs, E0554).
The construct Mgat1-HA in pcDNA 3.1-Hygro(1), described
previously (6), was used for the generation of different chimeric
MYC-MGAT1 proteins. Ac5-STABLE2-neo plasmid contain-
ing an insect expression cassette was from Addgene (plasmid
32426; Addgene_32426). End point PCR and insert ligation
were used to generate the bicistronic constructs mouse Myc-
Mgat4d-L-T2A-eGFP and mCherry-T2A-mouse Mgat1-HA.
Primers used in generating Mgat4d-L and Mgat1 constructs
are given in Table S1.
HumanMGAT4A and MGAT4B were cloned into pZeoSV2

(1) from cDNA generated fromHL-60 cell RNA. RNAwas iso-
lated from HL-60 cells using TRIzol (Invitrogen) following the
manufacturer’s instructions. Reverse transcription was per-
formed using random hexamers and the SuperScript II kit
(Invitrogen). MGAT4A and MGAT4B cDNAs were amplified
using the following primers MGAT4A, PS301 (Fwd) 5’-
tccgcggtaccaccatgaggctccgcaatggaact containing a Kozak
sequence and KpnI restriction site (bolded), and PS302(Rev) 5’-
tagggccctcagatgatcagttggtggc containing an ApaI restriction
site (bolded); MGAT4B PS337(Fwd) 5’-tcttaagaattccaccat-
gaggctccgcaatggcacct containing a Kozak sequence and EcoRI
restriction site (bolded) and PS338(Rev) 5’-tgggccctcgagct-
tagtcggcctttttcaggaagat containing a XhoI restriction site
(bolded). PCR products were either cloned directly into

Figure 6. Point mutations that inactivate MGAT4D-L inhibitory activity. A,Western blotting analysis of lysates from CHO cells and CHO cells expressing
MYC-MGAT4D-L point mutants. 60 mg of cell extract was loaded per lane. MYC-MGAT4D-L was detected with an antibody directed against the MGAT4D-L N
terminus. * identifies nonspecific bands that serve as loading control. B, representative flow cytometry profiles of GNA binding to CHO cells transfected with
MGAT4D-L point mutants.
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pZeoSV2(1), or first into pCR2.1 and then restriction digested
products were cloned into pZeoSV2(1). Plasmids were purified
using Qiagen plasmid kits (Qiagen, Hilden, Germany). The
sequence of each construct was determined and validated by
the Genomics Core of the Albert Einstein College of Medicine.
Primers for characterizingMGAT4A andMGAT4B expression
in CHO/FUT4 transfectants are given in Table S2.

Cell culture and transfection

CHO WT (Pro-5) and Lec1 cells (Pro-5Lec1.3C) were main-
tained in a-minimal essential medium (Gibco, Grand Island,
NY) supplemented with 10% (v/v) fetal bovine serum (Gemini
Bio,West Sacramento, CA) and 1% penicillin and streptomycin
(Gibco). Cells grown to;70–80% confluence in a 6-well–plate
were transfected with 2 mg of plasmid DNA mixed with X-
treme Gene HP DNA transfection reagent (number 06366 244
001, Sigma-Aldrich) at a ratio of 1:3 (DNA:reagent), following
the manufacturer’s protocol. At 24 h after transfection, the me-
dium was replaced with medium containing 0.6 mg/ml of
hygromycin B (number H3274, Sigma-Aldrich). When
hygromycin-resistant cells reached confluence, they were tryp-
sinized and re-plated in a 10-cm plate containing medium with
hygromycin. At;80–90% confluence, transfectants were tryp-
sinized, counted, and used to seed roller tubes containing 10ml
of hygromycin medium. At ;6-8 3 105 cells/ml (;3 days in
culture), cells were harvested for flow cytometry and Western
blotting analysis.

Drosophila S21 Dmfdl cells in which the fdl gene is deleted
(12) were kindly provided by Donald L. Jarvis. The cells were
cultured at 28 °C in Schneider’s medium (Life Technologies)
with 10% (v/v) fetal bovine serum and 1% antibiotic mix in a
T25 or T75 flask. Transfection of S2R1 Dmfdl cells with plas-
mids was performed using Lipofectamine (Invitrogen) follow-
ing the manufacturer’s protocol for 2 mg of plasmid. Stably
transfected cells were selected using 0.7 mg/ml of active G418
(number 400–111 P, Gemini, Sunnyvale, CA) for up to 14 days
before using cells for analysis.
Empty vector or MGAT4A or MGAT4B cDNA were trans-

fected into CHO/FUT4 cells (18) using Lipofectamine (Invitro-
gen) according to the manufacturer’s instructions. Stable trans-
fectant populations were obtained by selection with Zeocin
(Gibco). Stable clones were obtained by limiting dilution.

Antibodies

Affinity-purified, rabbit anti-MGAT4D-L N terminus pep-
tide polyclonal antibodies (pAb) made by Covance (Denver,
PA) have been characterized previously (34); mouse anti-MYC
mAb (9E10) and mouse anti-HA mAb (HA.11) were from
Covance (Princeton, NJ); secondary Ab for both was goat anti-
rabbit IgG (H1L) conjugated to horseradish peroxidase
(Thermo Fisher Scientific, Waltham, MA); mouse anti-rat
Golgi GM130 mAb was from BD Biosciences (San Jose, CA);
secondary antibodies conjugated to Alexa 488 (green; donkey
anti-mouse IgG), or Alexa 594 (red; chicken anti-rabbit IgG)

Figure 7. Localization of MGAT4D-L point mutants in the Golgi apparatus. Confocal analysis of HeLa cells transfected with Myc-Mgat4d-L, Myc-Mgat4d-L
(PSAFQ), orMyc-Mgat4d-L(PSLAQ). Primary antibodies directed against the Golgi marker GM130 detected by anti-mouse antibodies conjugated to Alexa 488
define the Golgi compartment (green). MGAT4D-L was detected using anti-MGAT4D-L N terminus antibodies detected by anti-rabbit secondary antibody con-
jugated to Alexa 594 (red).
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were from Invitrogen Life Technologies. Anti-LeX mAb was
from hybridoma 480 provided by Barbara Knowles as described
previously (35). Rabbit anti-mouse IgM secondary Ab (number
61-6811) conjugated to FITC was from Zymed Laboratories
Inc. (South San Francisco, CA).

Flow cytometry

Flow cytometry was performed as previously described (6).
Briefly, ;6 3 106 cells were washed with 10 ml of cation-free
PBS at room temperature, fixed in 1 ml of 4% paraformalde-
hyde in the dark at room temperature for 15 min, washed 3
times with 1 ml of FACS buffer (Hank’s balanced salt solution
containing 1 mM CaCl2, 1 mMMgCl2, 2% BSA (BSA Fraction V,
Sigma-Aldrich) and 0.01% sodium azide) and stored in 1 ml of
FACS buffer at 4 °C. For flow cytometry, fixed cells were incu-
bated for 1 h with 16 mg/ml of GNA (number B-1245, Vector
Laboratories, Burlingame, CA) conjugated with biotin. The
cells were then washed 3 times with 1 ml of FACS buffer and
incubated with 4 mg/ml of streptavidin-conjugated to phycoery-
thrin (number SA-5207, Vector Laboratories) for 30 min. After
washing, the cells were resuspended in 500 ml of FACS buffer in
a flow cytometry tube. Acquisition was performed using a BD
LSR II flow cytometer (BD Biosciences). Analysis of flow
cytometry data were performed using FlowJo software (Tree
Star Inc., Ashland, OR).
For LeX mAb binding, cells were washed with PBS contain-

ing 0.05% Tween 20 (PBS-T), fixed in 1% glutaraldehyde
(Sigma-Aldrich) at 37 °C for 1 h, washed with PBS, incubated
with 2% BSA in PBS containing the primary antibody (0.5 mg in
50 ml of PBS with 2% BSA) for 1 h at 37 °C, washed, and incu-
bated in secondary Ab conjugated to FITC for 1 h, washed, and
examined under a fluorescent microscope. For binding of
FITC-conjugated lectins WGA, RCAII, or RCAI (Vector Labo-
ratories), 63 106 cells were washed 3 times in PBS lacking cati-
ons, resuspended in 6 ml of PBS, and divided between 2 tubes.
One tube was kept on ice and the other was incubated at 37 °C
with 3 ml of Clostridiuim perfringens sialidase (number N-2133;
10 units/ml; Sigma-Aldrich). After 1 h, 23 105 cells from both
tubes were incubated in 200 ml of PBS containing 2% BSA,
0.01% sodium azide, and 0.2 mg of FITC-lectin, rotated at 4 °C
for 1 h, washed with 1 ml of binding buffer, and resuspended in
PBS for flow cytometry.

Western blotting analysis

Cultured cells were washed twice with PBS and lysed with a
lysis buffer containing 1% IGEPAL-630 (Millipore Sigma), 1%
Triton X-100 (Sigma-Aldrich), 0.5% deoxycholate (Sigma-
Aldrich), 1% protease inhibitors (number 05892791001; Roche
EASYpack Protease Inhibitor mixture; Millipore Sigma) for 30
min on ice. The lysate was centrifuged at 5,000 3 g for 5 min
and the supernatant was transferred to a new tube and supple-
mented with glycerol to a final concentration of 20%. The pro-
tein yield was determined using a Bradford Bio-Rad protein
assay (Bio-Rad). Protein extract (40 to 80 mg of protein) was
loaded on a 10 or 12% SDS-PAGE gel for electrophoresis.
Transfer to a polyvinylidene difluoride membrane (100 volts
for 1 h) was performed using a transfer buffer containing 25

mM Tris-HCl and 192 mM glycine in 10% methanol. After pri-
mary and secondary antibodies incubations, blots were washed
4 times with TBS containing 0.02% Tween 20, followed by 2
times with Tris-buffered saline, and treatment for 5 min at
room temperature with Super Signal West Pico PLUS followed
in some cases by Femto chemiluminescent substrate (Thermo-
Fisher). Excess reagent was removed and the blot exposed to X-
ray film (USA Scientific, Ocala, Florida) for various times.

MGAT1 assay

Cells extracts, prepared as described above in a mixture of
detergents in the presence of protease inhibitors, were assayed
for MGAT1 activity as described previously (5, 6). Briefly, cell
extract containing;40 mg of protein was incubated in the pres-
ence of 30 mg of Man5GlcNAc2Asn (36) in 62.5 mM MES, pH
6.25, containing 25 mMMnCl2 and 0.75 mM UDP-6H3-GlcNAc
(;6000-10,000 cpm/nmol; PerkinElmer Life Sciences), in a vol-
ume of 40 ml, for 2 h at 37 °C. Each reaction was stopped by add-
ing 1 ml of cold ConA buffer (0.1 M sodium acetate, 1.0 M NaCl,
10 mM MgCl2, 10 mM CaCl2, 10 mM MnCl2, and 0.02% sodium
azide). After a brief centrifugation, the supernatant was added
to a small column of ConA-Sepharose, the column was washed
with ConA buffer and products bound to the column were
eluted with ConA buffer containing 200 mM a-methylmanno-
side (Sigma). Elutate was counted in a Beckman scintillation
counter and specific activity was calculated as nanomole/mg of
protein/h with, compared to without, acceptor substrate.

Immunoprecipitation

Immunoprecipitation was performed as described previously
(5) with some modifications. Briefly, anti-Myc mAb (9E10) was
conjugated to Protein G Plus-agarose (number 22851; Thermo
Fisher) according to themanufacturer’s instructions. CHO cells
were co-transfected withMyc-Mgat4d-L and different plasmids
encoding HA-tagged MGAT1 or p85Ni. Cells were harvested
17 h after transfection, washed with normal saline, and lysed in
RIPA buffer (number 20-188; Millipore) supplemented with
0.1% SDS and protease inhibitors (number 05892791001;
Roche Millipore Sigma) for 30 min at 4 °C. The lysate was cen-
trifuged at 10,0003 g for 5min and the supernatant was diluted
in glycerol to a final concentration of 20% glycerol. The protein
concentration was measured and 600 mg of lysate protein was
used for immunoprecipitation. Each lysate was precleared with
50 ml of lysis buffer-washed Protein G Plus-agarose beads at
50% slurry for 2 h at 4 °C and incubated with 50 ml of anti-Myc–
conjugated agarose beads overnight at 4 °C. After centrifuga-
tion to pellet the agarose beads, the supernatant (designated
pass) was kept, and the beads were washed 4 times with 1 ml of
lysis buffer and resuspended in 25 ml of cation-free PBS. The
washed beads in 50 ml (50% slurry) were incubated with 10 ml of
63 SDS-PAGE gel sample buffer for 10min at 90 °C and centri-
fuged to remove beads. The supernatant was termed IP.
Approximately 24 ml of IP was loaded onto a 12% SDS-PAGE
gel along with 30 mg of input lysate and an equivalent volume of
sample that did not bind to the beads (pass through). Western
blotting analysis was performed using anti-HA mAb clone
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16B12 (number 901513; Biolegend, San Diego, CA) as
described above.

Confocal microscopy

HeLa cells were seeded in 12-well–plates containing poly-L-
lysine–coated coverslips (Electron Microscopy Sciences, Hat-
field, PA). After 24 h, the cells were transfected with ;1 mg of
the indicated plasmid using X-treme gene transfection reagent
(Roche, Basel, Switzerland), and incubated for 24 h in a 5% CO2

incubator at 37 °C. The cells were washed twice with PBS (no
cations) and fixed in 4% paraformaldehyde for 15 min. The
wells were washed twice with PBS and stored at 4 °C with PBS
containing 0.05% sodium azide until use. For immunofluores-
cence, coverslips with transfected cells were transferred to a
glass slide. The immunostaining protocol was adapted from
Abcam (Immunocytochemistry and Immunofluorescence Pro-
tocol). Briefly, cells were permeabilized with PBS containing
0.1% Triton X-100 for 10 min, and washed 3 times with PBS.
Nonspecific binding was blocked with 1% BSA and 22.52 mg/
ml of glycine in PBST (PBS with 0.1% Tween 20) for 30 min.
The cells were incubated for 1 h with primary antibody diluted
in PBST containing 1% BSA, and washed 3 times with PBS. Sec-
ondary antibody conjugated to fluorophore was diluted in 1%
BSA with PBS and incubated for 1 h with cells in the dark. The
cells were washed 3 times with PBS and incubated 1 min with
0.5 mg/ml of Hoechst dye 33342 (Molecular Probes, Eugene,
OR). Coverslips were mounted on a microscope slide using
ProLong Diamond Antifade mounting media (number P36961,
Molecular Probes). For two-color immunostaining, both pri-
mary and then both secondary antibodies were mixed together
before being added to the cells. Images were acquired using
confocal microscope Leica SP8 (Inverted DMi8) in the Analyti-
cal Imaging Facility of Albert Einstein College of Medicine.
Acquired images were processed and analyzed using FIJI soft-
ware (SCR_002285).

Statistical analysis

Data are shown as mean 6 S.E. for �2 independent experi-
ments, including replicates as noted. A two-tailed, unpaired,
Student’s t test with Welch’s correction was used to determine
p values with GraphPad Prism 7.0a (GraphPad Software Inc.,
La Jolla, CA).

Data availability

All data presented in this paper are available in the manu-
script or from the authors.
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